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The ephrins and their Eph receptors comprise the largest family of receptor tyrosine kinases. Studies on mice have revealed
an important function of ephrin-B2 and Eph-B4 for the development of the arterial and venous vasculature, respectively, but
the mechanisms regulating their expression have not been studied yet. We have cloned a chick ephrin-B2 cDNA probe.
Expression was observed in endothelial cells of extra- and intraembryonic arteries and arterioles in all embryos studied from
day 2 (stage 10 HH, before perfusion of the vessels) to day 16. Additionally, expression was found in the somites and neural
tube in early stages, and later also in the smooth muscle cells of the aorta, parts of the Mu¨llerian duct, dosal neural tube,
and joints of the limbs. We isolated endothelial cells from the internal carotid artery and the vena cava of 14-day-old quail
embryos and grafted them separately into day-3 chick embryos. Reincubation was performed until day 6 and the quail
endothelial cells were identified with the QH1 antibody. The grafted arterial and venous endothelial cells expressed
ephrin-B2 when they integrated into the lining of arteries. Cells that were not integrated into vessels, or into vessels other
than arteries, were ephrin-B2-negative. The studies show that the expression of the arterial marker ephrin-B2 is controlled
by local cues in arterial vessels of older embryos. Physical forces or the media smooth muscle cells may be involved in this
process. © 2001 Academic Press
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The cardiovascular system is a vital requirement in
large organisms for the continuous transport of nutrients
and metabolites to and from every single part of the body.
It is the first functional organ system of the embryo, and
numerous mutations affecting the cardiovascular system
cause embryonic lethality (for review, see Auerbach and
Auerbach, 1997). The heart is a derivative of the splanch-
nic mesoderm induced by the endoderm, and is formed
from a promyocardium and a proendocardium (for review,
see Lough and Sugi, 2000). The first blood vessels are
made up exclusively of endothelial cells, and are formed
by a variety of angiogenic mechanisms (for reviews, see
Benninghoff et al., 1930; Wilting et al., 1995a, 1998; Risau,
1997). In most parts of the body, a hierarchy of vessels is
formed consisting of arteries, arterioles, capillaries,
1 To whom correspondence should be addressed. Fax: 49 761 203
5091. E-mail: wilting@uni-freiburg.de.
398enules, and veins. The mechanisms that determine
ascular heterogeneity have not been studied in detail,
ut recently it has been shown that some of the members
f the ephrin-family of ligands and their Eph receptors are
xpressed in specific parts of the vasculature. The family
f Eph receptors consists of 14 members, and 8 ephrin
igands are known (for review, see Yancopoulos et al.,
998). The ephrins can be divided into two groups, A and
. The ephrin-B ligands are transmembrane proteins,
apable of bidirectional signalling, and preferentially
ind Eph-B receptors (Gale and Yancopoulos, 1999;
older and Klein, 1999). Ephrin-B1 and Eph-B3 are ex-
ressed in both arteries and veins (Adams et al., 1999),
ut the expression pattern of other family members is
estricted to specific parts of the vascular tree. Ephrin-B2
s expressed in the endothelium of arteries, whereas
ph-B4 is a marker of venous endothelial cells (Wang et
l., 1998; Adams et al., 1999; Helbling et al., 1999; Gale
t al., 2001; Shin et al., 2001). Mutant mice that lackeither ephrin-B2 or Eph-B4 function die of cardiovascular
0012-1606/01 $35.00
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399Arterial Identity of Endothelial Cellsmalformations. These mice exhibit abnormal vascular
remodelling. The formation of arteries and veins is dis-
turbed and the vascular system seems to retain the
character of a primitive vascular plexus (Wang et al.,
1998; Gerety et al., 1999). The results show that the
arterial and venous identity of embryonic endothelial
cells is determined very early. However, nothing is
FIG. 1. Grafting scheme: Arterial and venous endothelium was iso
region of day-3 chick embryos, which were then reincubated until
FIG. 2. Comparison of the 39 untranslated region of chick ephri
(Bennett et al., 1995). (A) The sequence of the 506 bases of the 39 en
equence. (B) Comparison of two highly conserved regions of this seque
Copyright © 2001 by Academic Press. All rightnown about the mechanisms that control and maintain
he arterial and venous identity of endothelial cells in
ifferentiated vessels during later stages of development.
n order to investigate these mechanisms, we have cloned
he avian homolog of ephrin-B2 (HTKL) and performed
escriptive and experimental studies. We show that
phrin-B2 is expressed in endothelial cells of arteries and
from day-14 quail embryos and grafted into the proximal wing bud
6.
(HTKL) cDNA sequence with the mouse ephrin-B2/HTK ligand
the probe is shown, and possesses 62% homology with the mouselatedn-B2
d ofnce shows 90% homology between chick and mouse.
s of reproduction in any form reserved.
400 Othman-Hassan et al.arterioles during all stages examined. In addition, there is
expression in the smooth muscle cells of the aorta, and in
some nonvascular tissues such as the somites, neural
tube, Mu¨llerian duct, and joint regions. Grafting of
ephrin-B2-positive quail arterial endothelial cells into
chick embryos shows that expression of ephrin-B2 in
these cells is dependent on the integration site, and only
cells that integrate into arteries retain the ephrin-B2
signal. Ephrin-B2-negative venous endothelial cells that
integrate into arteries become ephrin-B2-positive. The
results show that the expression of the arterial marker
ephrin-B2 is dependent on local cues which may be
FIG. 3. (A) Whole-mount in situ hybridization of a stage-10 (HH) c
Note expression in the caudal neural tube, somites and segmental
ventral view. The aorta (arrows) and the umbilical arterial plexus (
a stage-17 (HH) chick embryo. (D) Expression in the mesenchyme of
n, neural tube; p, pericardiac cavity.derived from the smooth muscle cells of the media.
Copyright © 2001 by Academic Press. All rightMATERIALS AND METHODS
Embryos
Fertilized chick and quail eggs were incubated in a humidified
atmosphere at 37.8°C. Staging was performed according to Hamburger
and Hamilton (1952). Embryos and organs were fixed at various stages
of development (from day 2 to day 16) for descriptive studies. Inter-
specific grafting experiments were performed as described below.
Grafting Experiments
Quail–chick chimeras (Le Douarin, 1969) were produced as
embryo (11 somites) with the chick ephrin-B2 probe. Dorsal view.
, and specific areas of the lateral plate. (B) Same embryo as in (A);
are positive. (C) Expression of ephrin-B2 in the vitelline arteries of
ead and the cardiac region (arrows) of a stage-7 (HH) chick embryo.hick
plate
star)
the hfollows. The ephrin-B2-positive and ephrin-B2-negative vessels
s of reproduction in any form reserved.
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401Arterial Identity of Endothelial Cellsclose to the heart (common carotid artery and vena cava, respec-
tively) were dissected from 14-day-old quail embryos with iridec-
tomy scissors and transferred into petri dishes coated with agarose.
They were opened longitudinally and fixed in the agarose, the
endothelium facing the operator. Then the endothelium of the
vessels was removed with an electrolytically sharpened tungsten
needle and grafted immediately into the axillary region of 3-day-old
chick embryos (Fig. 1). The host embryos were reincubated until
day 6. A total of 19 experiments were performed on arterial
endothelium, and grafted cells were discovered in 11 embryos. In
16 out of 23 experiments on venous endothelium, the grafts could
be detected. They were fixed and studied with the methods
described below. In a second series of experiments, pieces of the
FIG. 4. Expression of chick ephrin-B2 (A, C, D) and aSMA (B) in
day-4 chick embryos. (A) Note expression in the aorta (a) and its
dorsal branches, and in the dorsal neural tube (n). v, anterior
cardinal vein. (B) The aorta and its dorsal branches are invested by
an aSMA-positive tunica media. The myotomes transiently also
xpress aSMA. (C, D) Higher magnifications of (A). Expression of
ephrin-B2 in the endothelium and tunica media of the aorta (a). The
cardinal vein (v) is negative.carotid artery consisting of both tunica intima and media were t
Copyright © 2001 by Academic Press. All rightisolated from day-14 quail embryos and grafted into the coelomic
cavity of day-3 chick embryos (3 out of 12 experiments were
successful). The host embryos were reincubated until day 6 and
studied as follows.
Cloning of the Chick Ephrin-B2 (HTKL) Probe and
in Situ Hybridization
The full-length mouse ephrin-B2 (hepatoma transmembrane
kinase ligand, HTKL) cDNA, kindly provided by Drs. A. Flenniken
and D. Wilkinson (Mill Hill, London), was used to screen a stage-11
whole chick cDNA library. A total of 2.5 3 105 clones were
screened yielding eight positive clones. The clone with the longest
sequence contained the 39 coding and untranslated sequence, and
was used in this study. Comparison of the 39 end of the probe
showed that the 39 untranslated region possessed on avarage 62%
homology between chick and mouse, and also yielded 90% homol-
ogy in highly conserved regions (Fig. 2). For in situ hybridization on
sections, normal and experimental embryos were fixed overnight at
4°C in Serra’s solution (Serra, 1946). The samples were dehydrated,
embedded in paraffin wax, and 8-mm sections mounted onto
silanized slides. The sections were postfixed in 4% paraformalde-
hyde solution (PFA) and, in older specimens, treated with protein-
ase K and refixed in 4% PFA. The chick ephrin-B2 (HTKL) was
linearized with ClaI and NotI to produce sense and anti-sense
riboprobes, respectively. The probes were labeled as described
before (Wilting et al., 1997) with digoxigenin RNA-labeling kit as
recommended (Boehringer, Mannheim, Germany). A hybridization
mixture of 40% formamide, 25% 203 SSC, 1% Denhardt‘s solu-
tion, 1% tRNA, 1% herring sperm DNA, 2% labeled sense or
anti-sense probe, and 30% DEPC-treated water was prepared. Sixty
microliters of hybridization mixture were placed on each slide and
the slides were incubated overnight at 65°C. After standard wash-
ing, the location of the digoxigenin was detected by using a 1:4000
solution of an alkaline phosphatase-conjugated anti-digoxigenin
antibody (Boehringer) in a blocking agent (1% bovine serum albu-
min in malate buffer) at 4°C overnight. The antibody was detected
using BCIP/NBT (Boehringer) in alkaline phosphatase buffer for 3–5
days, revealing a blue reaction product. The slides were counter-
stained with nuclear fast red. Representative photographs of the
hybridization sites were photographed onto Kodak Ektachrome
film. The sense controls did not reveal a specific signal (see Fig. 6A).
Immunohistochemistry
Endothelial cells of quail embryos were stained with the QH1
antibody (Pardanaud et al., 1987; Developmental Studies Hybrid-
oma Bank, Iowa City, IA). Staining was performed according to the
indirect peroxidase method as described previously (Wilting et al.,
1995b). DAB was used as chromogen. For staining of the media of
vessels, an anti-smooth muscle a-actin (aSMA) antibody (Sigma,
eisenhofen, Germany) was used, diluted 1:5000. Secondary anti-
ody and chromogen were the same as described above. In order to
tain all quail cells, we used the anti-quail antibody QCPN (DSHB;
ilting et al., 1995c). The antibody was diluted 1:100. The second-
ary antibody was alkaline phosphatase-conjugated goat-anti-mouse
Ig (Sigma), diluted 1:300. The antibody was detected by using
BCIP/NBT (Boehringer) in alkaline phosphatase buffer.
Ephrin-B2 and QH1 Double Staining
In several specimens, we combined ephrin-B2 in situ hybridiza-ion and QH1 immunofluorescence. For this purpose, in situ
s of reproduction in any form reserved.
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402 Othman-Hassan et al.hybridization on paraffin sections was performed as described
above, with slight modifications. The sections were not treated
with proteinase K. Furthermore, the anti-digoxigenin/AP antibody
and the QH1 antibody were applied simultaneously; diluted 1:4000
and 1:500, respectively. Thereafter, the alkaline phosphatase reac-
tion was performed as usual. When the blue reaction product was
visible in the sections, the alkaline phosphatase reaction was
stopped with 1% EDTA in alkaline phosphatase buffer. The slides
were rinsed with destilled water and PBS and the sections were
blocked with 1% BSA, and again incubated with QH1 antibody,
1:500. After several washings with PBS, the secondary Cy3-
conjugated goat-anti-mouse antibody (Dianova, Hamburg, Ger-
many) was applied; diluted 1:200. The slides were rinsed in PBS and
mounted with Moviol (Hoechst, Frankfurt, Germany). The sections
were studied with Zeiss Axioskop using brightfield and fluores-
cence optics.
RESULTS
Expression of Ephrin-B2 during Chick
Development
The expression of the chick ephrin-B2 was studied by in
itu hybridization of whole embryos and paraffin sections.
he results showed that ephrin-B2 was a marker of arterial
ndothelial cells during all stages examined. In stage-10
HH) embryos (day 2, 11 somites) expression of chick
phrin-B2 was observed in the caudal part of the neural
ube, the somites and the cranial part of the segmental
late, and the lateral plate (Fig. 3A). The aorta and the
ascular plexus that connects the aorta to the vitelline
rtery also expressed ephrin-B2 (Fig. 3B). In day-3 embryos
stage 16–18 HH), the tree of the vitelline artery was clearly
emarcated by the ephrin-B2 signal. Staining of capillaries
nd veins was not observed (Fig. 3C). Sporadic flickering of
he heart can be observed in stage 10 (HH) chick embryos of
–10 somites, and peristaltic contractions are visible from
tage 11 (HH) (12–13 somites) onward. In stage-12 (HH)
mbryos of 16–17 somites, the heartbeat is strong enough
o start the circulation of blood (Romanoff, 1960), but
lready before this time point the aortic endothelium was
ound to express ephrin-B2 (Fig. 3A). In early embryos, the
esoderm of the head and the developing heart expressed
hick ephrin-B2 (Fig. 3D), as did the paraxial mesoderm of
he trunk (Fig. 3A). These cells possess a wide variety of
evelopmental potentials and the data show that ephrin-B2
annot serve as a lineage marker of arterial angioblasts.
In day-4 embryos, chick ephrin-B2 marked the endothe-
ium of the aorta and its branches (Fig. 4A). In parallel
ections, an antibody against smooth muscle a-actin
(aSMA) was applied to confirm the arterial nature of the
vessels (Fig. 4B). At higher magnification, we observed that
in addition to the endothelial cells, the smooth muscle cells
of the tunica media of the aorta expressed ephrin-B2 (Figs.
4C and 4D). All nonarterial vessels were ephrin-B2-
negative.
In day-6 embryos, the expression pattern of ephrin-B2 in
the vasculature was practically the same as in earlier stages,
Copyright © 2001 by Academic Press. All rightut a few additional nonvascular expression domains were
bserved, such as an intermediate part of the Mu¨llerian
uct (Fig. 5A), and the articular regions of the limbs (Fig.
B). In addition to the dorsal part of the neural tube (Fig.
C), chick ephrin-B2 was a marker of the arterial vascula-
ure. In the aorta, both the endothelium and the tunica
edia were positive (Figs. 5D and 5E). In all parts of the
mbryo, ephrin-B2 was a marker of arterial endothelial
ells, whereas veins and capllaries were negative (Figs. 5F
nd 5G). We also observed that most of the endothelial cells
n the kidney glomeruli expressed ephrin-B2 (Fig. 5H),
onfirming their function as an arterial Rete mirabile in
etween the afferent and efferent arterioles.
In day-10 chick embryos, ephrin-B2 was still expressed in
he endothelium of all parts of the arterial system. In these
mbryos, it was possible to distinguish between arteries and
rterioles, and we observed expression in both types of
essels (Figs. 6A–6C). Due to their typical location along
he arteries, we were also able to identify lymphatic trunks.
ike veins and capillaries, the lymphatics did not express
phrin-B2 (Figs. 6A–6C), whereas the arterial vessels of the
nner organs, the body wall and the muscles were ephrin-
2-positive (Figs. 6D and 6E).
In day-16 embryos, we studied the heart, stomach, intes-
ine, liver, and spleen, and we observed expression of chick
phrin-B2 in the arterial endothelium of all organs. As an
xample, only the liver is shown (Fig. 7).
Crosshybridization of Chick Ephrin-B2 with the
Quail
In order to study crosshybridization of the chick
ephrin-B2 probe with the quail, we performed double stain-
ing of paraffin sections of day-9 quail embryos with both the
chick ephrin-B2 probe and the QH1 antibody. The QH1
antibody marks leukocytes and all endothelial cells of the
quail (Pardanaud et al., 1987). The studies show that only
he arterial endothelial cells are QH1 and ephrin-B2 double
ositive (Fig. 8).
Grafting of Arterial Endothelial Cells
In order to study the behavior and plasticity of ephrin-B2-
positive and -negative endothelial cells, we performed vari-
ous grafting experiments. In a first series, we isolated
ephrin-B2-positive endothelial cells from the carotid arter-
ies of day-14 quail embryos and grafted them into 3-day-old
chick embryos. The hosts were reincubated until day 6.
Serial paraffin sections were made and studied with a
double-staining method consisting of QH1 immunofluores-
cence and ephrin-B2 in situ hybridization. With this
method, we were able to detect the grafted QH1-positive
quail endothelial cells, and at the same time to determine
their ephrin-B2 expression. The grafted quail cells were
partially integrated into the chick vasculature. Those cells
that did not integrate into any vessel were ephrin-B2-
negative (Figs. 9A–9D), whereas quail endothelial cells in
s of reproduction in any form reserved.
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double positive (Figs. 9C–9F). Quail endothelial cells inte-
grated into vessels other than arteries were ephrin-B2-
negative.
In order to study the effects of the smooth muscle cells of
the media on endothelial ephrin-B2 expression, we grafted
pieces of the carotid artery of day-14 quail embryos into the
coelomic cavity of 3-day-old chick embryos which were
reincubated for 3 days. The grafts were identified in the
coelomic cavity with the anti-quail antibody, QCPN (Fig.
10A). They were obviously not perfused and therefore
nonfunctional. The ephrin-B2 expression in the endothe-
lium of the grafted arteries was very weak, considerably
FIG. 5. Expression of ephrin-B2 (A–F, H) and aSMA (G) in day-6
Expression in the articular region of the shoulder girdle and in the s
in the vertebral arteries (arrows). (D) Expression in the wall of t
endothelium and in the smooth muscle cells (arrowheads) of the
mesenteric artery (a), but not in the mesenteric vein (v). (G) Stainin
phrin-B2 in the endothelium of a kidney glomerulus.weaker than in the functional arteries nearby (Figs. 10B and
Copyright © 2001 by Academic Press. All right0C), indicating down-regulation of ephrin-B2 in nonfunc-
ional arteries.
Grafting of Venous Endothelial Cells
We then studied the plasticity of venous endothelial cells
by isolating them from the vena cava of day-14 quail
embryos and grafting them into the shoulder region of
3-day-old chick embryos. The reincubation period was 3
days. The QH1 and ephrin-B2 double staining showed that
those endothelial cells that integrated into arteries adapted
to their new position and expressed ephrin-B2 (Figs. 11A–
11D). Venous endothelial cells that integrated into vessels
k embryos. (A) Expression of ephrin-B2 in the Mu¨llerian duct. (B)
vian artery (arrow). (C) Expression in the dorsal neural tube (n) and
orta. (E) Higher magnification of (D) showing expression in the
ca media. (F) Expression of ephrin-B2 in the endothelium of the
r aSMA clearly depicts the mesenteric artery (a). (H) Expression ofchic
ubcla
he a
tuni
g foother than arteries remained negative (Figs. 11C and 11D).
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightDISCUSSION
The Eph receptors comprise the largest subfamily of
receptor tyrosine kinases including at least 14 members in
both man and mouse. They can be divided into two sub-
groups, A and B (Holder and Klein, 1999; Gale and Yanco-
poulos, 1999). The Eph-A group consists of eight members,
and the B group of six members. Eight Eph ligands (ephrins)
have been found as yet. Among these, ephrin-B1, -B2, and
-B3 consist of an extracellular, a transmembrane and a
highly conserved cytoplasmic domain. The ephrin-A sub-
group comprises five members, ephrin-A1 to -A5, which are
attached to the outer leaflet of the plasma membrane. Like
the receptors, the ligands must be membrane bound to
achieve activation (Davis et al., 1994), and a bidirectional
ignaling of the ephrin-B ligands is likely because they
ecome phosphorylated upon binding to the receptor (Hol-
and et al., 1996; Bruckner et al., 1997). The coactivation of
phrin-Bs and Eph-B receptors also depends on clustering of
he partners in the cell membrane of adjacent cells (Davis et
e probe (B, D) and aSMA immunohistochemistry (C, E) of paraffin
ng arteries (a), veins (v) and lymphatics (l). (A) The sense probe does
ry (a) and arteriole (arrow). (C) Consecutive section of the specimen
, E) Muscular artery (a) and vein (v). The arterial endothelium is
s of the tunica media (E).FIG. 6. In situ hybridization with the ephrin-B2 sense (A) and anti-sens
sections of day-10 chick embryos. (A–C) Vagal nerve (n) and accompanyi
not reveal a signal. (B) Expression of ephrin-B2 in the accompanying arte
shown in (B). Staining for aSMA in the tunica media of the vessels. (DFIG. 7. Expression of ephrin-B2 in the interlobular artery (arrow)
n the liver of a day-16 chick embryo. The interlobular vein (v) andl., 1994). The ephrin-A group binds to all of the Eph-A
s of reproduction in any form reserved.
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405Arterial Identity of Endothelial CellsFIG. 8. Ephrin-B2 in situ hybridization (A) and QH1 immunofluorescence (B) double staining of a paraffin section of a day-9 quail embryo.
The endothelium of the carotid arteries (arrows) ascending in front of the vertebral bodies (vb) is double positive.FIG. 9. Grafting of arterial endothelial cells of quail embryos into day-3 chick embryos and reincubation until day 6. Double staining of
araffin sections with the QH1 antibody (A, C, E) and the chick ephrin-B2 probe (B, D, F). (A, B) A convolute of grafted cells (star) is seen.
ost of the cells are not integrated into vessels and are ephrin-B2-negative. Quail cells in the lining of the renal and mesenteric arteries
arrows) express ephrin-B2. (C, D) Higher magnification of (A) and (B) showing ephrin-B2 expression of quail cells integrated into the renal
rtery (arrowhead). (E, F) Double staining of a chimeric subclavian artery (a). The arterial endothelial cells express ephrin-B2.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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406 Othman-Hassan et al.receptors, and the ephrin-B group to all of the Eph-B
receptors. Two exceptions of this rule have been observed.
Eph-A4 additionally binds several of the ephrin-B members
(Gale et al., 1996), and Eph-B4 seems to be highly specific by
binding only ephrin-B2 (Brambilla et al., 1995).
The ephrins and their receptors are expressed in several
FIG. 10. Grafting of segments of quail arteries into the coelomic
cavity of day-3 chick embryos and reincubation until day 6. (A)
Staining with the anti-quail antibody (QCPN) confirms the quail
origin of the graft (arrow). (B) Consecutive section hybridized with
the ephrin-B2 probe shows a signal in the arteries (a) of the host, but
not in the veins (v). (C) Higher magnification of (B) showing weak
expression of ephrin-B2 in the endothelium of the grafted artery
(arrow) and stronger expression in functional artery (a) of the host.eveloping organ systems and they generally seem to func- s
Copyright © 2001 by Academic Press. All rightion as repulsive agents (Gale and Yancopoulos, 1997). They
re expressed in specific rhombomers and are involved in
oundary formation and neural crest cell guidance (Becker
t al., 1994; Smith et al., 1997; Wang and Anderson, 1997).
hey also have a role in guiding axon growth and fascicu-
ation for instance in the optic system and the hippocampus
Pasquale et al., 1992; Gao et al., 1996). Thereby, a collaps-
ng activity for growth cones has been observed as a result
f interactions between ephrin-A5 and Eph-A receptors
Drescher et al., 1995). A function in boundary formation of
phrins and their receptors has also been found in the
egmental plate mesoderm, where they are specifically
estricted to anterior and posterior halves of somites
Durbin et al., 1998; Stockdale et al., 2000). A similar
unction may hold true for other organ systems. We have
bserved ephrin-B2/HTKL expression in the joints of the
eveloping wing where it may have a function for the
eparation of the skeletal elements. In late stages of avian
evelopment, ephrin-B2 is a marker of the dorsal neural
ube, and a specific segment of the Mu¨llerian duct. It
emains to be studied whether this segment corresponds to
specific part of the female genital tract in the adult.
The function of the ephrins and Eph receptors in the
ascular system is not well understood, although recent
tudies on mice have revealed remarkable results. Mice
ith deletions for either ephrin-B2 or Eph-B4 show defects
n vascular remodeling, and in many regions the vascular
ystem retains the character of a primitive vascular plexus
Wang et al., 1998; Gerety et al., 1999). Several of the ephrin
embers are expressed in the developing vasculature, but
ome of them are restricted to specific parts of the vascular
ree. It has been shown that ephrin-B2 is a very early marker
f arterial endothelial cells, whereas its specific receptor,
ph-B4, is expressed on venous endothelium (Wang et al.,
998; Adams et al., 1999). Our studies on the expression of
phrin-B2 in avian embryos have revealed comparable re-
ults. This ligand is expressed in the aortic endothelium of
tage-10 (HH) chick embryos, when the heart is just flick-
ring and not strong enough to perfuse the vessels with
lood (Romanoff, 1960). Also, in mice it has been observed
hat the expression precedes the perfusion of the vessels
Wang et al., 1998). It has been suggested that there might
e different precursors for arterial and venous endothelial
ells. However, ephrin-B2 does not seem to be a marker of
rterial angioblasts because it is transiently expressed
hroughout the mesoderm of the head, the trunk and the
ardiac region, in cells with widely varying developmental
otentials, including venous and lymphatic endothelium.
We have then concentrated on late stages of avian devel-
pment and observed that ephrin-B2 retains its high speci-
city for the arterial endothelium even in day-16 chick
mbryos. Later stages have not been included in our study.
ndothelial cells of the aorta, arteries, and arterioles express
phrin-B2, in contrast to capillaries, venules, veins, and
ymphatics which are negative in all organs investigated.
e have also observed that ephrin-B2 is expressed in the
mooth muscle cells investing the aorta, and comparably,
s of reproduction in any form reserved.
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407Arterial Identity of Endothelial Cellsthe tunica media of arteries has recently been shown to be
ephrin-B2-positive in mice (Gale et al., 2001; Shin et al.,
001).
The studies on knock-out mice have highlighted some
arly embryonic functions of the ephrins in the vasculature,
ut the mechanisms regulating their expression have not
een investigated. The results by Wang et al. (1998) and
hose presented in our study indicate that different regula-
ory mechanisms are active during the earliest embryonic
tages and in later development. Whereas during earliest
tages expression of ephrin-B2 seems to be independent of
he perfusion and function of the arteries, its expression
ater is observed only in endothelial cells that are function-
lly integrated into arteries. The functional independence
f ephrin-B2 in arterial endothelial cells in early embryos is
hown by the fact that its expression precedes the perfusion
ith blood and the onset of the heart beat (Wang et al.,
998). There obviously is the need for the embryo to
evelop the main conduit vessels already before the heart
tarts beating, which has already been pointed out some
ime ago (Benninghoff et al., 1930). In the chick, parts of the
orta, the vitelline and cardinal veins, are formed before
nset of the heartbeat (Sabin, 1917). Development of arter-
es and veins can still be observed when the heart is
estroyed in early embryos of fishes, frogs, and chicks
McKnower 1907; Patterson, 1909; Stockard, 1915; Clark,
918; Chapman, 1918). This shows that the onset of arterial
nd venous development is independent of physical param-
ters such as shear stress or tangential wall tension. In later
FIG. 11. Grafting of venous endothelial cells of quail embryos into
endothelial cells (A, C) are integrated into the axillary artery (arrow
cells integrated into a capillary are ephrin-B2-negative (arrowheadtages of development, however, the situation changes, as
Copyright © 2001 by Academic Press. All righte have shown in our study. Arterial endothelial cells
etain the expression of the arterial marker, ephrin-B2, only
hen they are integrated into the endothelium of arteries.
hose cells that are not integrated into vessels, or inte-
rated into vessels other than arteries and arterioles, lose
he arterial marker. This loss is delayed when arterial
ndothelial cells are invested by smooth muscle cells,
ndicating interactions between the two cell types. Venous
ndothelial cells express the arterial marker ephrin-B2
hen they integrate into the lining of arteries. This clearly
hows the influence of functional parameters on the endo-
helium, and highlights the plasticity of endothelial cells.
igh plasticity of endothelial cells has also been observed at
he level of the capillaries. Functional characteristics of
apillaries, such as fenestrations, pores and blood–brain-
arrier molecules, are induced by local cells in the various
rgans (Stewart and Wiley, 1981; Risau et al., 1986; Wilting
nd Christ, 1989).
There are several clinical settings where venous endothe-
ial cells are transferred into an arterial environment. In
ialysis patients an arterio-venous shunt is made between
he radial artery and the cephalic vein. Autologous venous
ypass grafts are widely used for arterial reconstructive
urgery to circumvent atherosclerotic occlusive disease in
he femoral and coronary arteries. However, there is 15–
0% of graft failure after 3 years due to intimal hyperplasia
Stanley et al., 1982; Hoch et al., 1999). Soon after trans-
plantation the endothelium of the grafted vein becomes
partially denuded (Stark et al., 1997). This is followed by
-3 chick embryos and reincubation until day 6. QH1-positive quail
–D) and express ephrin-B2 (B, D). QH1-positive quail endothelial
and D). v, axillary vein.day
in Atrauma of the media smooth muscle cells and intimal
s of reproduction in any form reserved.
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408 Othman-Hassan et al.thickening (Zwolak et al., 1987) although there is regenera-
tion of the endothelium by as yet undetermined sources
(Stark et al., 1997). These studies show that venous endo-
thelial cells are not immediately capable to adapt to the
arterial situation. However, our studies show that an arte-
rialization of venous endothelial cells is possible after a
certain period, and it may be of interest to study if an in
vitro arterialization of veins is possible and useful before
grafting of these vessels.
In sum, our study shows that ephrin-B2 is a marker of
arterial endothelial cells of avian embryos in all stages
examined. The expression of this marker is regulated by
local cues in later stages of embryonic and fetal develop-
ment. These local cues may be derived from the blood
stream or the smooth muscle cells of the tunica media.
ACKNOWLEDGMENTS
We thank Mrs. S. Antoni, Mrs. M. Ast, Mrs. E. Gimbel, Mrs. S.
Konradi, Mrs. L. Koschny, Mrs. U. Pein, Mrs. M. Schu¨ttoff, and Mr.
G. Frank for their excellent technical assistance, Mrs. Ch. Micucci
for photographic work, and Mrs. U. Uhl for typing of the manu-
script. The QH1 and QCPN antibodies were obtained from the
Developmental Studies Hybridoma Bank, maintained by the De-
partment of Pharmacology and Molecular Sciences, Johns Hopkins
University School of Medicine, Baltimore, MD, and the Depart-
ment of Biological Sciences, University of Iowa, Iowa City, IA,
under contract N01-HD-6-2915 from the NICHD. This study was
supported by the Deutsche Forschungsgemeinschaft (Grant Wi
1452/6-1).
REFERENCES
Adams, R. H., Wilkinson, G. A., Weiss, C., Diella, F., Gale, N. W.,
Deutsch, U., Risau, W., and Klein, R. (1999). Roles of ephrinB
ligands and ephB receptors in cardiovascular development: De-
marcation of arterial/venous domains, vascular morphogenesis,
and sprouting angiogenesis. Genes Dev. 13, 295–306.
uerbach, R., and Auerbach, W. (1997). Profound effects on vascu-
lar development caused by perturbations during organogenesis.
Am. J. Pathol. 151, 1183–1186.
ecker, N., Seitanidou, T., Murphy, P., Mattei, M. G., Topilko, P.,
Nieto, M. A., Wilkinson, D. G., Charnay, P., and Gilardi-
Hebenstreit, P. (1994). Several receptor tyrosine kinase genes of
the Eph family are segmentally expressed in the developing
hindbrain. Mech. Dev. 47, 3–17.
ennett, B. D., Zeigler, F. C., Gu, Q., Fendly, B., Goddard, A. D.,
Gillett, N., and Matthews, W. (1995). Molecular cloning of a
ligand for the Eph-related receptor protein-tyrosine kinase Htk.
Proc. Natl. Acad. Sci. USA 92, 1866–1870.
Benninghoff, A., Hartmann, A., and Hellmann, T. (1930). Blutgefa¨b-
und lymphgefa¨bapparat, atmungsapparat und innersekretorische
dru¨sen. In “Handbuch der mikroskopischen Anatomie des Men-
schen” (W. von Mo¨llendorff, Ed.), pp.1–160. Springer, Berlin.
Brambilla, R., Schnapp, A., Casagranda, F., Labrador, J. P., Berge-
mann, A. D., Flanagan, J. G., Pasquale, E. B., and Klein, R. (1995).
Membrane-bound LERK2 ligand can signal through three differ-
ent Eph-related receptor tyrosine kinases. EMBO J. 14, 3116–
3126.
Copyright © 2001 by Academic Press. All rightBruckner, K., Pasquale, E. B., and Klein, R. (1997). Tyrosine
phosphorylation of transmembrane ligands for Eph receptors.
Science 275, 1540–1643.
Chapmann, W. B. (1918). The effect of the heart-beat upon the
development of the vascular system in the chick. Am. J. Anat.
23, 175–203.
Clark, E. R. (1918). Studies on the growth of bloodvessels in the tail
of the frog larva, by observation and experiment on the living
animal. Am. J. Anat. 23, 37–88.
Davis, S., Gale, N. W., Aldrich, T. H., Maisonpierre, P. C., Lhotak,
V., Pawson, T., Goldfarb, M., and Yancopoulos, G. D. (1994).
Ligands for EPH-related receptor tyrosine kinases that require
membrane attachment or clustering for activity. Science 266,
816–819.
Drescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda,
M., and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion
cell axons by RAGS, a 25kDa tectal protein related to the ligands
for Eph receptor tyrosine kinases. Cell 82, 359–370.
Durbin, L., Brennan, C., Shiomi, K., Cooke, J., Barrios, A., Shan-
mugalingam, S., Guthrie, B., Lindberg, R., and Holder, N. (1998).
Eph signallng is required for segmentation and differentiation of
the somites. Genes Dev. 12, 3096–3109.
Gale, N. W., Flenniken, A., Compton, D. C., Jenkins, N., Copeland,
N. G., Gilbert, D. J., Davis, S., Wilkinson, D. G., and Yancopou-
los, N. G. (1996). Elk-L3, a novel transmembrane ligand for the
Eph family of receptor tyrosine kinases, expressed in embryonic
floor plate, roof plate and hindbrain segments. Oncogene 13,
1343–1352.
Gale, N. W., and Yancopoulos, G. D. (1997). Ephrins and their
receptors: A repulsive topic. Cell Tissue Res. 290, 227–241.
Gale, N. W., and Yancopoulos, G. D. (1999). Growth factors acting
via endothelial cell-specific receptor tyrosine kinases: VEGFs,
angiopoietins, and ephrins in vascular development. Genes Dev.
13, 1055–1066.
Gale, N. W., Baluk, P., Pan, L., Kwan, M., Holash, J., DeChiara,
T. M., McDonald, D. M., and Yancopoulos, G. D. (2001).
Ephrin-B2 selectively marks arterial vessels and neovasculariza-
tion sites in the adult, with expression in both endothelial and
smooth-muscle cells. Dev. Biol. 230, 151–160.
Gao, P. P., Zhang, J. H., Yokoyama, M., Racey, B., Dreyfus, C. F.,
Black, I. B., and Zhou, R. (1996). Regulation of topographic
projection in the brain: elf-1 in the hippocamposeptal system.
Proc. Natl. Acad. Sci. USA 93, 11161–11166.
Gerety, S. S., Wang, H. U., Chen, Z. F., and Anderson, D. J. (1999).
Symmetrical mutant phenotypes of the receptor EphB4 and its
specific transmembrane ligand ephrin-B2 in cardiovascular de-
velopment. Mol. Cell 4, 403–414.
Hamburger, V., and Hamilton, H. L. (1952). A series of normal
stages in development of the chick embryo. J. Morphol. 88,
49–92.
Helbling, P. M., Saulnier, D. M. E., Robinson, V., Christiansen,
J. H., Wilkinson, D. G., and Bra¨ndli, A. W. (1999). Comparative
analysis of embryonic gene expression defines potential interac-
tion sites for Xenopus ephB4 receptors with ephrin-B ligands.
Dev. Dyn. 216, 361–373.
Hoch, J. R., Stark, V. K., van Rooijen, N., Kim, J. L., Nutt, M. P., and
Warner, T. F. (1999). Macrophage depletion alters vein graft
intimal hyperplasia. Surgery 126, 428–437.
Holder, N., and Klein, R. (1999). Eph receptors and ephrins:
Effectors of morphogenesis. Development 126, 2033–2044.
Holland, S. J., Gale, N. W., Mbamalu, G., Yancopoulos, G. D.,
Henkemeyer, M., and Pawson, T. (1996). Bidirectional signalling
s of reproduction in any form reserved.
LM
P
409Arterial Identity of Endothelial Cellsthrough the EPH-family receptor Nuk and its transmembrane
ligands. Nature 383, 722–725.
Le Douarin, N. M. (1969). Particularite´s du noyau interphasique
chez la caille japonaise (Coturnix coturnix japonica). Utilisation
de ces particularite´s comme “marquage biologique” dans les
recherches sur les interactions tissulaires et les migrationes
cellulaires au cours de l’ontogene`se. Bull. Biol. Fr. Belg. 103,
435–452.
ough, J., and Sugi, Y. (2000). Endoderm and heart development.
Dev. Dyn. 217, 327–342.
cKnower, H. E. (1907). Effects of early removal of the heart and
arrest of the circulation on the development of frog embryos.
Anat. Rec. 1, 161–165.
ardanaud, L., Altmann, C., Kitos, P., Dieterlen-Lie´vre, F., and
Buck, C. A. (1987). Vasculogenesis in the early quail blastodisc as
studied with a monoclonal antibody recognizing endothelial
cells. Development 100, 339–349.
Pasquale, E. B., Derinck, T. J., Singer, S. J., and Ellisman, M. H.
(1992). Cek5, a membrane eceptor-type tyrosine kinase, is in
neurons of the embryonic and postnatal avian brain. J. Neurosci.
12, 3956–3967.
Patterson, J. T. (1909). An experimental study on the development
of the area vasculosa of the chick blastoderm. Biol. Bull. 16,
87–88.
Risau, W. (1997). Mechanisms of angiogenesis. Nature 386, 671–
674.
Risau, W., Hallmann, R., Albrecht, U., and Henke-Fahle, S. (1986).
Brain induces the expression of an early surface marker for
blood-brain-barrier specific endothelium. EMBO J. 5, 3179–3183.
Romanoff, A. L. (1960). “The Avian Embryo: Structural and Func-
tional Development.” Macmillan Company, New York.
Sabin, F. R. (1917). Origin and development of the primitive vessels
of the chick and of the pig. Contrib. Embryol. Carnegie Inst.
(Wash) 6, 61–124.
Serra, J. A. (1946). Histochemical tests for protein and aminoacids:
the characterization of basic proteins. Stain Technol. 21, 5–18.
Shin, D., Garcia-Cardena, G., Hayashi, S. I., Gerety, S., Asahara, T.,
Stavrakis, G., Isner, J., Folkman, J., Gimbrone, M. A., and
Anderson, D. J. (2001). Expression of ephrinB2 identifies a stable
genetic difference between arterial and venous vascular smooth
muscle as well as endothelial cells, and marks subsets of mi-
crovessels at sites of adult neovascularization. Dev. Biol. 230,
139–150.
Smith, A., Robinson, F., Patel, K., and Wilkinson, D. G. (1997). The
EphA4 and EphB1 receptor tyrosine kinases and ephrin-B2 ligand
regulate targeted migration of branchial neural crest cells. Curr.
Biol. 1, 561–570.
Stanley, J. C., Graham, L. M., and Whitehouse, W. M. (1982).
Autologous saphenous vein as an arterial graft: Clinical status. In
“Biologic and Synthetic Vascular Protheses” (J. C. Stanley, Ed.),
pp. 333–349. Grune and Stratton, New York.
Copyright © 2001 by Academic Press. All rightStark, V. K., Warner, T. F., and Hoch, J. R. (1997). An ultrastructural
study of progressive intimal hyperplasia in rat vein grafts. J. Vasc.
Surg. 26, 94–103.
Stewart, P. A., and Wiley, M. J. (1981). Developing nervous tissue
induces formation of blood-brain barrier characteristics in invad-
ing endothelial cells. Dev. Biol. 84, 183–192.
Stockard, C. R. (1915). The origin of blood and vascular endothe-
lium in embryos without a circulation of the blood and in normal
embryos. Am. J. Anat. 18, 227.
Stockdale, F. E., Nikovits, W., and Christ, B. (2000). Molecular and
cellular biology of avian somite development. Dev. Dyn. 219,
304–321.
Wang, H. U., and Anderson, D. J. (1997). Eph family transmem-
brane ligands can mediate repulsive guidance of trunk neural
crest migration and motor axon outgrowth. Neuron 18, 383–396.
Wang, H. U., Chen, Z. F., and Anderson, D. J. (1998). Molecular
distinction and angiogenic interaction between embryonic arter-
ies and veins revealed by ephrin-B2 and its receptor eph-B4. Cell
93, 741–753.
Wilting, J., and Christ, B. (1989). An experimental and ultrastruc-
tural study on the development of the avian choroid plexus. Cell
Tissue Res. 255, 487–494.
Wilting, J., Brand-Saberi, B., Kurz, H., and Christ, B. (1995a).
Development of the embryonic vascular system. Cell. Mol. Biol.
Res. 41, 219–232.
Wilting, J., Brand-Saberi, B., Huang, R., Zhi, Q., Ko¨ntges, G.,
Ordahl, C. P., and Christ, B. (1995b). Angiogenic potential of the
avian somite. Dev. Dyn. 202, 165–171.
Wilting, J., Ebensperger, C., Mu¨ller, T. S., Koseki, H., Wallin, J., and
Christ, B. (1995c). Pax-1 in the development of the cervico
occipital transitional zone. Anat. Embryol. 192, 221–227.
Wilting, J., Eichmann, A., and Christ, B. (1997). Expression of the
avian VEGF receptor homologues Quek1 and Quek2 in blood-
vascular and lymphatic endothelial and non-endothelial cells
during quail embryonic development. Cell Tissue Res. 288,
207–233.
Wilting, J., Kurz, H., Oh, S. J., and Christ, B. (1998). Angiogenesis
and Lymphangiogenesis: Analogous mechanisms and homolo-
gous growth factors. In “Vascular Morphogenesis: in vivo, in
vitro, in mente” (C. D. Little, V. Mironov, and E. H. Sage, Eds.),
pp. 21–34. Birkha¨user, Basel.
Yancopoulos, G. D., Klagsbrun, M., and Folkman, J. (1998). Vascu-
logenesis, angiogenesis, and growth factors: Ephrins enter the
fray at the border. Cell 93, 661–664.
Zwolak, R. M., Adams, M. C., and Clowes, A. W. (1987). Kinetics
of vein graft hyperplasia: Association with tangential stress. J.
Vasc. Surg. 5, 126–135.
Received for publication December 18, 2000
Revised May 12, 2001
Accepted May 12, 2001
Published online August 9, 2001
s of reproduction in any form reserved.
